Abstract: In this study, cytotoxic, membrane and DNA damaging effects of the essential oil from Origanum majorana and its oxygenated monoterpene component linalool were tested on parental and epirubicin-resistant (drug-resistant) human lung cancer cell lines (H1299). Essential oil's and linalool's cytotoxicities were examined and parental cells were found more sensitive to the essential oil's and linalool's cytotoxicities than drug-resistant cells. O. majorana essential oil had more effective membrane damaging effect than linalool on parental cells, while in drug-resistant H1299 cells, linalool had more effective membrane damaging effect than the essential oil. O. majorana essential oil possessed more effective DNA damaging effect than linalool on both parental and drug-resistant cells. The conclusions from this study suggest that O. majorana essential oil and linalool exhibit cytotoxic, membrane and DNA damaging effects. They thus need further investigation as potential therapeutic agents for human lung cancer.
Introduction
Due to the main concern of the general public and science in finding natural new biologically active ingredients, scientists around the world started screening plants for identifying new phytochemicals. Origanum majorana L. is an herbaceous and perennial plant native to southern Europe and the Mediterranean area. Due to the variability in chemical and aroma composition, marjoram plants are widely used to flavor food products and alcoholic beverages. They are also used traditionally for their pharmacological properties, including antibacterial, antithrombin and antihyperglycemic activities (Sari et al. 2006) . Leaves and flowers yield 0.3-0.4% essential oil and they are used in perfumery, soaps and hair products. O. majorana L. is considered to be generally safe for food and drug administration.
O. majorana contains phenolic terpenoids (thymol and carvacrol), oxygenated monoterpene (linalool), flavonoids (diosmetin, luteolin, and apigenin), tannins, hydroquinone, phenolic glycosides (arbutin, methyl arbutin, vitexin, orientin, and thymonin) and triterpenoids (ursolic acid and oleanolic acid) (El-Ashmawy et al. 2005) . Further, among the bioactive compounds present in plants, polyphenols and particularly flavonoids are widely appreciated for their potential beneficial health effects, like antioxidant, antimicrobial, and anticarcinogenic activities (Ren et al. 2003; Daayf & Lattanzio 2008) . A few reports on the antimicrobial and antioxidant activities of the Origanum essential oils are available to date (Esen et al. 2007; Busatta et al. 2008) . Cytotoxicity of O. majorana L. and other plants were studied on several hepatoma cell lines (Lin et al. 2002; Ozkan et al. 2010; Ozkan & Erdogan 2011; Erdogan & Ozkan 2013) .
Reactive oxygen species (ROS), including superoxide anion radical, hydrogen peroxide, hydroxyl radicals and nitric oxide are physiological metabolites. Small amounts of ROS are continuously formed during life as a result of the metabolism of oxygen (Fridovich 1978) . Much evidence indicates that exposure to ROS leads to deleterious changes of cell function by a number of alterations, such as lipid peroxidation (Buettner 1993) , enzyme inactivation (Mak et al. 1983) , and oxidative DNA damage (Halliwell et al. 1999) . The accumulation of ROS has been postulated to be implicated also in the aging process (Beckman & Ames 1998) .
One biomarker of interest is 8-hydroxydeoxyguanosine (8-OHdG), which is an indicator of oxidative stress, impaired metabolism, and mitochondrial dysfunction c 2013 Institute of Molecular Biology, Slovak Academy of Sciences (Kikuchi et al. 2002) . 8-OHdG is a compound formed through hydroxylation of the guanine base by radical oxygen species. Following oxidation, damaged DNA is repaired by cellular mechanisms, and the hydroxylated guanine is excreted via bodily fluids. Consequently, available levels of 8-OHdG in the blood and urine correlate with the degree of internal DNA damage and have been used as markers for such purposes in disease modelling (Valavanidis et al. 2009 ).
Linalool (3,7-dimethyl-1,6-octadien-3-ol) is one of the commonly used chemicals in cosmetic products and the fragrance and perfume industries. Safety evaluation studies revealed that linalool is not irritating, phototoxic or sensitizing but has a low order of acute toxicity (Bickers et al. 2003) . We have observed (A. Erdogan & A. Ozkan, unpublished results) that O. majorana L. essential oil components with GC and GC/MS analysis with carvacrol (52.50%) and linalool (45.4%) was the major components of the oil. In our another experiment, we studied phenolic terpenoid carvacrol's (main component of O. majorana essential oil) cytotoxicity, membrane and DNA damaging effects, cytoprotective, membrane and DNA protective effects on parental and epirubicin-resistant H1299 cells (Ozkan & Erdogan 2012a) . We therefore decided to use linalool (i.e. the second main component of O. majorana essential oil) for the present study.
The antracycline analogue epirubicin-HCl (EPI) is an intensely potent cytotoxic compound. It causes less cardiac injury than doxorubicin derivatives at doses producing equal antitumor activity. The proposed mechanism for its cytotoxic effects involves the formation of intracellular free radicals caused by the quinone group of antracycline (Dobbs et al. 1994) .
Tumours are heterogeneous in many respects, including chemotherapeutic susceptibility (Rihova et al. 2002) . Resistance to chemotherapeutic agents is a major problem in the treatment of patients with small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC). Acquired multidrug resistance is the main obstacle for the cure of SCLC. Increased antioxidant mechanisms enzymes amounts in drug resistance cells can be one of the reasons of acquired multidrug resistance (Ozkan 2007) . A group of drug resistance cells can occur in tumours during the chemotherapy. We thus focused on comparison of malondialdehyde (MDA) levels (the end product of lipid peroxidation) and 8-OHdG formation (a product of DNA damaging effects) ofO. majorana L. essential oil and its oxygenated monoterpene component linalool on the parental and epirubicinresistant H1299 cells.
Material and methods
Collection of plant material O. majorana L. was collected from Mahmutseydi Village, Alanya (730 m) in Turkey (Voucher no: TR 102 AL). The taxonomic identification of plant materials were confirmed by a plant taxonomist, Associate Professor Dr. R. Süleyman Göktürk, Department of Biology, Akdeniz University, Antalya, Turkey.
Isolation of the essential oil
The dried aerial parts of plants (100 g) collected were submitted to water distillation for 3 h using a Clevenger-type apparatus (ILDAM Ltd., Ankara, Turkey) at Molecular Biology Department in Biology in Akdeniz University. The obtained essential oil was dried over anhydrous sodium sulphate and after filtration, stored at +4
• C until tested. Linalool (purity 97%) was purchased from Aldrich.
Cell lines and culture
The human NSCLC line (H1299) (purchased from American Type Culture Collection) was used in this study. Cells were grown in Roswell Park Memorial Institute 1640 medium supplemented with 10% fetal bovine serum, 1% antibioticantimycotic solution in a humidified atmosphere containing 5% CO2 at 37
• C. For subculturing, cells were harvested after trypsin/EDTA treatment at 37
• C. Cells were used when monolayer confluence had reached 75%.
The epirubicin-resistant (drug resistant) H1299 tumour cells were derived from the parental line by stepwise selection in increasing concentrations of epirubicin until the cells were capable of propagating in 220 ng/mL drug, as described previously (Jansson et al. 1999; Ozkan 2007) .
Cytotoxicity assay
Parental and drug-resistant cells were seeded into 96-well microplates (1×10 4 cells per well) for 24 h and then treated with different concentrations of the essential oil (5-500 µg/mL) and linalool (5-500 µg/mL) for 24, 48 and 72 h. Cytotoxicities of the essential oil and linalool were assayed by CellTiter-Blue Cell Viability Assay. The assay is based on the ability of living cells to convert a redox dye (resazurin) into a fluorescent end product (resofurin). Nonviable cells rapidly lose metabolic capacity and thus do not generate a fluorescent signal (Gloeckner et al. 2001) . Following cellular reduction, fluorescence is recorded at 560 nm excitation/590 nm emissions. The data were expressed as average values obtained from eight wells for each concentration. The concentrations of a compound needed to reduce growth by 10%, 50% and 70%, respectively (IC10, IC50 and IC70) of O. majorana and its oxygenated monoterpene component linalool were calculated from equation of graph. Essential oil and linalool were dissolved in 0.5% dimethyl sulphoxide (DMSO). So we treated 0.5% DMSO alone to parental and drug-resistant cells. The reading taken from the wells with cells cultured with only the medium (untreated cells) was used as a 100% viability value.
Determination of MDA levels MDA levels were determined after parental and drugresistant H1299 cells were exposed to different concentrations of essential oil and its oxygenated monoterpene component linalool for 24 h (IC10, IC50 and IC70). They were dissolved in 0.5% DMSO. So we treated 0.5% DMSO alone to parental and drug-resistant cells.
Parental and drug-resistant H1299 cells were plated at a density 15×10 4 cell/100 mm dishes. Cells were scraped off culture plates with culture medium and were centrifuged 600×g for 10 min. The cell pellets were washed with phosphate buffered saline and then sonicated (3×15 s) in 50 mM potassium phosphate, pH 7.2, containing 1 mM phenylmethylsulfonyl fluoride and 1 µg/mL of leupeptin and centrifuged at 150,000×g for 45 min. The supernatant was used for the determination of MDA level.
MDA levels in parental and drug-resistant H1299 cells were assayed as described in a previous method (Wasowicz et al. 1993 ). This fluorometric method for measuring thiobarbituric acid-reactive substances in supernatant is based on the reaction between MDA and thiobarbituric acid. The product of this reaction was extracted into butanol and measured at 525 nm (excitation) and 547 nm (emission) spectrofluorometrically.
Protein was determined by the Bradford method (Bradford 1976) with bovine serum as a standard. The experiment was performed in triplicate and mean values were recorded.
Determination of 8-OHdG levels
Parental and drug-resistant H1299 cells were plated at a density 5-10×10 5 cell/100 mm dishes and incubated with different concentrations (IC10, IC50 and IC70) of the essential oil and its oxygenated monoterpene component linalool during the 24 h. After DNA purification (Genomic DNA Mini Kit, Invitrogen) from the cultured cells, the genomic DNA samples were used to determine 8-OHdG with a competitive ELISA kit (Highly sensitive 8-OHdG Check New, Japan Institute for Control of Aging, Fukuroi, Shizuoka, Japan). Micro titer ELISA plates were pre-coated with 8-OHdG. Fifty µL of the sample and primary antibody (mon- oclonal antibody specific for 8-OHdG) were added to each well and they were incubated at 4
• C for overnight. The wells were washed three times. Then 100 µL secondary antibody (HRP-conjugated antibody) was added to each well and incubated for 1 h at room temperature. The wells were again washed three times. After that, enzyme substrate solution (3,3 ,5,5 -tetramethylbenzidine) was added and the wells were incubated at room temperature for 15 min. Terminating solution (1 M phosphoric acid) stopped the reaction. The absorbance was read at a wavelength of 450 nm (Toyokuni et al. 1997) . The experiment was performed in triplicate and mean values were recorded.
Data analysis
The results of the replicates were reported as mean ± standard error. Comparison of treatments against controls was made using a one-way ANOVA; the significance level chosen for all statistical analysis was p < 0.05.
Results and discussion
Cytotoxic effects of the essential oil and linalool on parental and drug-resistant H1299 cells The cytotoxic effects of O. majorana essential oil and linalool on parental and drug-resistant H1299 cells as assessed by CellTiter-Blue Cell Viability Assay with different concentrations (5-500 µg/mL) are shown in Fig. 1 . Parental and drug-resistant H1299 cells were exposed to increasing concentrations of the essential oil and linalool for 24, 48 and 72 h. The essential oil and linalool were found cytotoxic in concentration and timedependent manners in both parental and drug-resistant H1299 cells. After 24, 48 and 72 h incubations, IC 50 values were calculated, respectively, for essential oil on parental cells to be 156, 128, 109 µg/mL, for essential oil on drug-resistant cells to be 161, 140, 114 µg/mL, for linalool on parental cells to be 197, 158, 112 µg/mL, and for linalool on drug-resistant cells to be 233, 179, 157 µg/mL. The cytotoxic effects of the essential oil for 24, 48 and 72 h were found higher than linalool in both parental and drug-resistant cells. Also, the essential oil and linalool were less cytotoxic on drug-resistant cells than parental cells. Also, the activities of detoxification and antioxidant mechanisms enzymes were found higher in epirubicin-resistant H1299 cells than parental cells (Ozkan 2007 ). This will be the reason for essential oil's and linalool's less cytotoxicity on drug-resistant cells than parental cells. Extrusion of the drug by cell membrane pumps, increased DNA damage repair, redistribution of intracellular accumulation of drugs, modification of drug target molecules, suppression of druginduced apoptosis, up-regulation of lipids and other biochemical changes will also be the others reasons (Hong et al. 2005) . Ramadan et al. (2012) reported that both sweet marjoram leaf powder and marjoram leaf aqueous extract significantly alleviated most side effects and toxicity of cyclophosphamide (one of the most popular alkylating anticancer drugs) treated rats (non-tumour bearing) including the increase in chromosomal aberrations of bone marrow cells and serum MDA level, the decrease in the level of serum Ig, the delayed type of hypersensitivity response as also the weights and cellularity of lymphoid organs, and myelosuppression, leucopenia, macrocytic normochromic anaemia as well as thrombocytopenia by reactivating the non-enzymic (reduced glutathione) and enzymic (catalase, glutathione peroxidase, glutathione S-transferase, superoxide dismutase) antioxidant system and increasing the mitotic index of bone marrow cells. In the study by Al-Howiriny et al. (2009) , ethanol extract of O. majorana L. significantly decreased the incidence of ulcers, basal gastric secretion and acid output in rats. Furthermore, the extract replenished the ethanol-induced depleted gastric wall mucus and non-protein sulfhydryls contents and significantly lowered the increase in the concentration of MDA (Al-Howiriny et al. 2009 ). An acute toxicity test showed a large margin of safety of the extract in mice.
In our previous study, O. majorana and linalool had cytotoxic effects on Hep G2 cells (A. Erdogan & A. Ozkan, unpublished results) . O. majorana L. essential oil was found to be more cytotoxic than Origanum vulgare L. essential oil against different cancer cell types, such as MCF-7, LNCaP and NIH-3T3 (Hussain et al. 2011) . Plant extracts from O. majorana showed cytotoxicity and anti-proliferative effect on Jurkat cells (Abdel-Massih et al. 2010) . In another study, thymol, carvacrol, eugenol, eucalyptol, terpinen-4-ol and camphor (i.e. essential oil components of many plants) exhibited cytotoxic effects on parental and epirubicinresistant H1299 cells (Ozkan & Erdogan 2012a,b) . The essential oils from wild and cultivated form of Salvia pisidica showed cytotoxicity on H1299 cells (Ozkan et al. 2010) . Some plant essential oils and extracts were found to be cytotoxic in dose-dependent manner on cancer cells (Ozkan & Erdogan 2012c; Erdogan & Ozkan 2013) .
Membrane and DNA damaging effects of the essential oil and linalool on parental and drug-resistant H1299 cells
The results of membrane damaging effects of the essential oil and linalool (IC 10 , IC 50 and IC 70 ) on parental and drug-resistant H1299 cells after 24 h exposure is shown in Fig. 2 . O. majorana essential oil had more effective membrane damaging effect than linalool on parental cells. The highest concentration of the essential oil (IC 70 ) treatment caused the highest membrane damage on parental cells. The amounts of MDA increased almost 2.7 and 2.5 fold in IC 50 concentrations of the essential oil and linalool treated parental cells compared to control cells (i.e. untreated parental cells), respectively. IC 70 concentrations of the essential oil and linalool treatments increased membrane damaging statistically important in parental cells according to treatments of IC 10 concentrations of the essential oil and linalool in parental cells and to control and only 0.5% DMSO treated parental cells.
In drug-resistant H1299 cells, linalool had more effective membrane damaging effect than the essential oil. The results which were found in drug-resistant cells were opposite to parental cells membrane damaging effects results. The amounts of MDA increased almost 2.1 and 4 fold in IC 50 concentrations of the essential oil and linalool treated drug-resistant cells compared to control cells (i.e. untreated drug-resistant cells), respectively. Parental cells membrane was more sensitive to the essential oil while drug-resistant cells membrane was more sensitive to linalool. Biochemical changes like membrane structure in drug-resistant cells and differences between the essential oil's and linalool's chemical structures (as a result of they will produce different ROS and amounts) will be the reason for this. Also having different antioxidant enzymes and amounts will be other reasons. IC 70 linalool treatment increased membrane damaging statistically important in drug-resistant cells according to all of the essential oil and other linalool treatments in drug-resistant cells and to control cells and only 0.5% DMSO treated drug-resistant cells.
Essential oil and linalool showed membrane damaging effects on parental and drug-resistant cells depending on concentrations.
8-OHdG levels were increased in parental and drug-resistant cells as a result of DNA damaging effect of the essential oil and linalool (Fig. 3) . O. majorana essential oil had more effective DNA damaging effect than linalool on both parental and drug-resistant cells. The highest concentration of the essential oil (IC 70 ) treatment caused the highest DNA damaging effect on parental and drug-resistant cells. IC 70 essential oil treatment increased DNA damaging statistically important in both parental and drug-resistant cells according to other essential oil and all of the linalool treatments in both parental and drug-resistant cells and to control cells (untreated cells) and only 0.5% DMSO treated cells.
All of the essential oil and linalool concentrations increased DNA damaging statistically important in parental and drug-resistant cells according to control cells (i.e. untreated). Drug-resistant cells were more sensitive to the essential oil and linalool than parental cells. Essential oil and linalool showed DNA damaging effects on parental and drug-resistant cells depending on concentrations. The essential oil and linalool in- duced membrane and DNA damage and cytotoxicity in parental and drug-resistant H1299 cells at relatively higher concentrations than those that mediate its anticancer activities. The induction of cytotoxic cell death can be accompanied by membrane and DNA damage (Koparal & Zeytinoglu 2003) .
Reaction mechanism for the essential oils can be envisaged: essential oils by penetrating through the cell wall and cytoplasmic membrane disrupt and permeabilize them and especially damage mitochondrial membranes. The mitochondria, by changes in electron flow through the electron transport chain, produce free radicals which oxidize and damage lipids, proteins and DNA. Moreover, some phenolic components of essential oils are oxidized by contact with ROS producing very reactive phenoxyl radicals which add to the ROS released by mitochondria. The essential oils were not mutagenic as it clearly shows that the nuclear DNA lesions induced arose through reactive species, such as phenoxyl, thiyl, hydroxyl, peroxyl and superoxide radicals, which rather induce base modifications and single strand breaks which are repairable without giving rise to significant nuclear mutagenic effects (Bakkali et al. 2008) .
Also, in eukaryotic cells, essential oils can provoke depolarisation of the mitochondrial membranes by decreasing the membrane potential, affect ionic Ca 2+ cycling (Richter & Schlegel 1993; Novgorodov & Gudz 1996; Vercesi et al. 1997 ) and other ionic channels and reduce the pH gradient, affecting (as in bacteria) the proton pump and the ATP pool. They change the fluidity of membranes, which become abnormally permeable 760 A. Erdogan & A. Ozkan resulting in leakage of radicals, cytochrome c, calcium ions and proteins, as in the case of oxidative stress and bioenergetic failure. Permeabilization of outer and inner mitochondrial membranes leads to cell death by apoptosis and necrosis (Yoon et al. 2000; Armstrong 2006) .
Terpenoids like linalool are reported to destabilize membrane and modulate membrane associated functions like permeability, cell signalling, etc., leading to cell death (Brehm-Stecher & Johnson 2003; Goulart et al. 2004; Mo & Elson 2004; Trombetta et al. 2005) . Some of the terpenoids like perillyl alcohol, limonene and menthol were known to arrest cell division, modulate cell-signalling pathways and affect cell growth in cancer cells (Mo & Elson 2004) . Isoprenoid-mediated damage in membrane integrity is reported to modulate signalling pathway like MAP kinase pathway (Bard et al. 1998; Butler et al. 2002; Ramage et al. 2002; BrehmStecher & Johnson 2003; Ota et al. 2003; Trombetta et al. 2005; Lorenzi et al. 2009 ). Linalool may be modulating signalling pathways involved, through membrane integrity damage. Terpenoids like linalool are also reported to arrest eukaryotic cell cycle (Brehm-Stecher & Johnson 2003; Goulart et al. 2004; Mo & Elson 2004) .
Synergistic functions of various molecules contained in an essential oil, in comparison to the action of one or two main components of the oil, seem questionable. However, it is possible that the activity of the main components is modulated by other minor molecules (Franzios et al. 1997; Santana-Rios et al. 2001; Hoet et al. 2006) . Moreover, it is likely that several components of the essential oils play a role in defining the fragrance, the density, the texture, the colour and above all, cell penetration (Cal 2006), lipophilic or hydrophilic attraction and fixation on cell walls and membranes, and cellular distribution. This last feature is very important because the distribution of the oil in the cell determines the different types of radical reactions produced, depending on their compartmentation in the cell. In that sense, for biological purposes, it is more informative to study entire oil rather than some of its components because the concept of synergism appears to be more meaningful.
The essential oil of Origanum onites (Lamiaceae) and its two phenolic components, thymol and carvacrol increased MDA levels according to controls on Hep G2 cells (Ozkan & Erdogan 2011) . Some plant essential oils showed membrane damaging effects in dose dependent manner on cancer cells (Erdogan & Ozkan 2013) . Also, O. majorana essential oil and linalool induced membrane damage on Hep G2 cells (A. Erdogan & A. Ozkan, unpublished results) . Thymol, carvacrol, eugenol, eucalyptol, terpinen-4-ol and camphor, which are many plants essential oil components, exhibited membrane and DNA damaging effects on parental and epirubicinresistant H1299 cells (Ozkan & Erdogan 2012a,b) .
In the present study, anticancer, membrane and DNA damaging effects of the essential oils and linalool have been evaluated in vitro on parental and drugresistant cells. All of those effects of the essential oil and linalool were depending on concentration and cell resistance. These results suggest that essential oil and linalool may be potentially valuable sources of natural therapeutic agents. Further studies concerning the anticancer activities of O. majorana's essential oil and its oxygenated monoterpene component linalool against lung cancer may have the potential to develop anticancer therapeutic drugs. We hope that our findings could contribute to the development of O. majorana's essential oil and linalool related drugs for use as cancer chemotherapeutic agents.
